High-quality Al-doped n-type ZnO (n-ZnO:Al) epilayers have been grown by an rf-magnetron sputtering technique combined with a rapid thermal annealing (RTA) process. The electrical and optical properties of as-deposited samples are considerably improved upon annealing at 900 C for 3 min in nitrogen ambient. The improvement is attributed to the deoxidation of Al-oxides, i.e., the activation of Al dopants. The samples annealed at 900 C produce a mobility of 65.5 cm 2 /VÁs and a carrier concentration of 1:03 Â 10 20 cm À3 . It is also shown that the sample surface becomes significantly smoother after annealing. The results show that the RTA process effectively improves the electrical and optical properties of the Al-doped ZnO films.
Introduction
Metal-oxide based II-VI materials are of technological importance because of their applications as transparent conducting electrodes for UV light emitting devices. In particular, ZnO is a promising material for optoelectronic applications due to its large direct band gap of 3.37 eV, low power threshold for optical pumping and a large exciton binding energy of 60 meV at room temperatures. [1] [2] [3] [4] Over the last several years, the crystallinity and electrical properties of ZnO thin films have been greatly improved.
Undoped ZnO (u-ZnO) epilayers have n-type conductivity due to intrinsic donors, such as oxygen vacancies and/or Zn interstitials. The thermal stability of u-ZnO, however, is poor and the resistivity of u-ZnO is degraded at high temperatures, although its crystallinity becomes improved. 5, 6) Thus attention is being directed to the development of doping methods for making ZnO p-and n-type materials, since better thermal stability and controllability can be attainable by extrinsic doping methods. 6) For the growth of n-type ZnO (n-ZnO) thin films, group III elements, such as Al, Ga, and In, which substitute the Zn sites, have been introduced. These dopants, however, more vigorously react with oxygen than Zn atoms, as shown in Table I , [7] [8] [9] and so some fractions of the dopants are oxidized. For ZnO, the Gibbs free energy of formation (ÁG f ) is À350:5 kJ/mol. The formation energies of the dopants (e.g., Al, Ga, and In) are lower than that of ZnO, Table I . Thus, the dopants are present as oxides during the growth of ZnO films. These oxides act as defects in the films, which degrade their electrical and optical properties. As for Al-doped n-ZnO, the Gibbs formation energy of Al 2 O 3 10,11) is about À1582:3 kJ/mol, which is lower than that (ÁG f ¼ À350:5 kJ/mol) of ZnO. Although Al atoms could substitute the Zn sites and become donors, Al-oxides, such as Al 2 O 3 and/or Al x O y , could be also easily formed that act as defects in ZnO films.
Recently, it is reported that the properties of doped ZnO films are closely related to oxygen and post-annealing process. [12] [13] [14] In particular, the p-type conductivity of ZnO films were influenced by the reaction with oxygen either during growth or during post-growth annealing. 13) So, it is expected that such oxygen effect also occurs equally in the case of n-ZnO, since most n-type dopants also very sensitively react with oxygen.
In this study, we have investigated oxygen effect and the growth of high-quality n-ZnO films doped with Al atoms, the most sensitive n-type dopant. In addition, we exploit the radio frequency (rf) magnetron sputtering technique and post-growth annealing method for the deoxidation of aluminum oxide. The optical property and the electrical property of Al doped n-ZnO are substantially improved by means of rapid thermal annealing (RTA) process.
Experiments
The undoped ZnO (u-ZnO) and the Al-doped n-type ZnO (n-ZnO:Al) films (1 mm thick) were grown on the (0001) sapphire substrates by an rf magnetron sputtering system using a commercially sintered ZnO target and an Al 2 O 3 (2 wt %)-doped ZnO target (2-in. in diameter, purity 99.99%, Pure Tech), respectively. The growth rate was 0.5 mm/h and the substrate temperature was 600 C. The working pressure in the growth chamber was kept constant at 10 mTorr. The Table I . Thermodynamic properties of oxides.
Reaction
Free energy of formation
Ar/O 2 gas ratio was varied from 1 to 4 at rf power of 100 W. For comparison, another film was grown in pure Ar ambient. After growth, the n-ZnO:Al films were cooled with cooling rate of 20 C/min in either Ar or O 2 ambient to investigate the cooling ambient effect on the electrical properties of the n-ZnO:Al. Both the u-ZnO and n-ZnO:Al films were then rapid-thermal-annealed at 900 C for 3 min in nitrogen ambient. During the annealing process, the ramping rate of the temperature was kept at 25 C/s. Hall measurements were used to characterize the electrical property of the nZnO:Al films. The surface morphology, the crystallinity, and the optical properties of the ZnO films were examined by atomic force microscope (AFM), high-resolution X-ray diffraction (XRD), and PL spectroscopy using a He-Cd laser ( ¼ 325 nm) as an excitation source at room temperature.
Results and Discussion
Figure 1(a) shows the typical XRD results of as-grown nZnO:Al films, which were grown at 600 C with rf power of 100 W and Ar/O 2 gas ratio of 1, and cooled down to room temperature in oxygen ambient. The XRD result clearly reveals the (0002) peak of the ZnO sample and the (0006) peak of the sapphire substrate. The full width at half maximum (FWHM) of the -rocking curve is as narrow as 0.044
[the inset of Fig. 1(a) ]. In addition, the in-plane alignment of the as-grown n-ZnO:Al layer was measured using the phi-scan of the four-circle XRD to characterize their structural properties. The ð10 " 1 12Þ plane of n-ZnO:Al films shows the six fold symmetry as shown in Fig. 1(b) . These results indicate that the film is epitaxially grown on the sapphire substrate and is of good crystallinity. It is well known that the electrical mobility of the n-ZnO:Al film sensitively depends on their crystallinity.
However, although the present as-grown sample shows good crystallinity, there seems to be no correlation between the crystallinity and the mobility. Regardless of their growth atmospheres used, the samples produced carrier mobilities less than 7 cm 2 /VÁs and carrier concentrations of ð1{2Þ Â 10 18 /cm 3 , when cooled in oxygen ambient However, the carrier mobility and concentration of the samples are significantly enhanced when the samples were cooled to room temperature in Ar ambient [ Fig. 2(a) ]. From comparison of these results and thermodynamic properties (Table I) it could be speculated that the inferior electrical properties of the samples cooled in oxygen ambient is associated with the formation of Al-oxides. However, despite the use of Ar ambient, the incorporation of Al-oxides into the films seems to be unavoidable due to the use of the Al 2 O 3 -doped target and the introduction of oxygen supplied during growth. Furthermore, the binding energy of Al-O (511 AE 3 kJ/mol) is much larger than that (159 AE 4 kJ/mol) of Zn-O (Table I) . Figure 2(b) shows the electrical properties of the sample, cooled in Ar ambient at room temperature after growth, before and after annealing at 900 C for 3 min in nitrogen ambient. Both the carrier concentration and mobility considerably increase after annealing. Usually, the oxygen is supplied to suppress generation of oxygen vacancy degrading the electrical and the optical properties, such as carrier mobility and PL. However, the oxygen also generates formation of Al-oxide in films during growing Al doped ZnO films. For Ar/O 2 ratio of 3 or 4, the effect to suppress oxygen vacancies is more dominant than the that to form Al-oxide during growing the n-ZnO:Al films. For example, the sample annealed in N 2 ambient and grown at Ar/O 2 ratio of 3 gives the mobility of about 65 cm 2 /VÁs. This is one of the highest values ever reported for n-ZnO films. 15, 16) The enhancement of the mobility could be attributed to the combined effects of the improved crystallinity and the activation of Al dopants through the deoxidation of Al-oxide.
On the other hand, the sample that was grown and cooled in pure Ar ambient gives insufficient increase in the carrier concentration after annealing in N 2 ambient (e.g., from 1.33 to 1:53 Â 10 20 cm À3 ). This indicates that the formation of Al-oxides was hampered and so Al dopants were effectively activated during film growth. However, the mobility increases from 27.6 to 47.4 cm 2 /VÁs after annealing. This indicates that oxygen vacancies are formed by lack of oxygen supply during growth. Figure 3 shows the effects of annealing on the optical property of the n-type and u-ZnO samples. For the as-grown n-ZnO sample that was grown at Ar/O 2 ratio of 3 and cooled in Ar ambient, the PL intensity is significantly enhanced upon annealing. This seems to be due to the activation of Al dopants through the deoxidation of Al-oxides, as expected from the electrical results [ Fig. 2(b) ]. However, for the undoped samples [ Fig. 3(b) ], the PL intensity considerably decreases upon annealing. In addition, there exists the emission of deep levels. This indicates that oxygen vacancies are generated. [17] [18] [19] [20] For Al-doped ZnO, excess oxygen atoms generated by the deoxidation of Al-oxides compensate oxygen vacancies formed during annealing. This is the reason why the PL spectrum reveals no deep level emission after annealing, Fig. 3(a) . Figure 4 shows PL spectra of the n-ZnO:Al films. Despite different growth conditions, all the samples show similar PL intensity of near-band-edge emission without deep level emission. This indicates that annealing plays an important role in improving the optical properties of the n-ZnO samples. Figure 5 shows AFM images of the ZnO surfaces before and after annealing at 900 C in nitrogen ambient. It is shown that the sample surface becomes significantly smoother after annealing; the root-mean-square (rms) roughness of the sample before and after annealing at is 70-80 # A and 10-20 # A, respectively. These results suggest that the annealing in Ar ambient is an effective way for improving the electrical and optical properties of the n-ZnO:Al films.
Conclusion
We investigated the electrical and optical properties of Aldoped n-ZnO films in terms of Ar/O ratio and annealing conditions. It was shown that annealing at 900 C for 3 min in an nitrogen ambient results in the improvement of the electrical and optical properties of as-deposited samples; The annealed samples gave a mobility of 65.5 cm 2 /VÁs and a carrier concentration of 1:03 Â 10 20 cm À3 . The results suggest that the RTA process plays a critical role in improving the electrical and optical properties of the Aldoped ZnO films.
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(a) Fig. 5 . AFM images of n-ZnO:Al after and before RTA.
